The paper deals with design and simulation of nonlinear adaptive control of a shell and tube heat exchanger. The method is based on factorization of the controller on a nonlinear static part and an adaptive linear dynamic part. The nonlinear static part is derived using inversion and subsequent exponential approximation of simulated or measured steady-state characteristics of the exchanger. The linear dynamic part is then obtained from an external linear model of nonlinear elements of the closed-loop. The parameters of the external linear model are recursively estimated via a corresponding delta model. The control law in the 1DOF and 2DOF control system structures is derived using the polynomial approach.
INTRODUCTION
Heat exchangers are an essential part of many technologies in energy and chemical industry, polymer manufacturing, petroleum refineries, and many others. By construction, heat exchangers can be classified into exchangers with direct contact, various types of plate exchangers, and, shell and tube heat exchangers (STHEs), see, e.g. (Smith 2005; Hewitt et al. 1994; Incropera et al. 2011) . As known, STHEs are most common types of heat exchangers. From the system theory, they belong to a class of nonlinear distributed parameter systems with mathematical models in the form of nonlinear partial differential equations. Modelling and simulation of such processes are described in many publications, e.g. in (Luyben 1989; Corriou 2004; Babu 2004; Ogunnaike and Rao 1994) . As known, these processes can be hardly controllable by conventional methods that can lead to control of a poor quality. In this case, some advanced control methods should be used such as adaptive, predictive, optimal or nonlinear control, and some others. Obviously, control design always requires a preliminary steady-state and dynamic analysis of the process by simulation tools. Some methods of numerical mathematics used to build simulation models can be found e.g. in (Nevriva et al. 2009; Cook 2002) . The aim of the paper is an application of nonlinear control and subsequent control simulation of a simple type of the shell and tube heat exchanger. The control strategy is based on the idea of factorization of the controller on a nonlinear static part (NSP) and an adaptive linear dynamic part (LDP). Similar approaches can be found e.g. in (Chen et al. 2006; Dostál et al. 2011b) . The nonlinear static part is obtained from simulated or measured steady-state characteristic of the STHE, its inversion, exponential approximation, and, subsequently, its differentiation. On behalf of development of the linear part, the NSP including the nonlinear model of the STHE is approximated by a continuous-time external linear model (CT ELM). For the CT ELM parameter estimation, an external delta model with the same structure as the CT model is used. The basics of delta models have been described e.g. in (Mukhopadhyay et al. 1992; Garnier and Wang 2008) . Although delta models belong into discrete models, they do not have such disadvantageous properties connected with shortening of a sampling period as discrete zmodels. In addition, parameters of delta models can directly be estimated from sampled signals. Moreover, it can be easily proved that these parameters converge to parameters of CT models for a sufficiently small sampling period (compared to the dynamics of the controlled process), as shown in (Stericker and Sinha 1993; Dostál et al. 2004) . The 1DOF and the 2DOF control system structures are considered. In the first case, the control system includes only a feedback controller, in the second case, the controller consist of a feedback and a feedforward part. Such structures were described and applied e.g. in (Dostál et al. 2011a; Grimble 1993) . Then, resulting CT controllers are derived using the polynomial approach and the pole placement method (Kučera 1993; Mikleš and Fikar 2004) . The simulations are performed on a nonlinear model of the STHE.
MODEL OF THE STHE
Consider an ideal plug-flow shell and tube heat exchanger in the fluid phase and with the counterflow cooling. The fluid flowing in tubes is cooled by a fluid flowing in the shell as shown in Fig. 1 . Heat losses and heat conduction along the metal walls of tubes are assumed to be negligible, but dynamics of the metal walls of tubes are significant. All densities, heat capacities, and heat transfer coefficients are assumed to be constant. Under above assumptions, the STHE model can be described by three partial differential equations (PDEs) in the form 
with initial conditions
The parameters in (1) -(3) are for i = 1, , n, and, subsequently, by approximation of derivatives with respect to the space variable in each node point by finite differences. Two types of finite differences are applied, either the backward or the forward finite difference.
Dynamic Model
Applying the finite diferences method, PDEs (1) -(3) are approximated by a set of ODEs in the form
for 1, ... , i n = , 1 j n i = − + , and, with initial conditions
In (5) - (7), h is the diskretization step. The boundary conditions enter into Eqs. (5) - (7) for i = 1 . Here, the controlled output is computed as
r out r T t T n t = (8)
Steady-State Model
Computation of steady-state characteristics is necessary not only for a steady-state analysis but the steady state values also constitute initial conditions in ODEs (5) -
. The steady-state model can simply be derived equating the time derivatives in (5) - (7) to zero. Then, the steady-state characteristics can be computed by an iterative method.
Steady-State Characteristics
The dependence of the RF output temperature on the coolant flow in the steady-state is in Fig. 2 . In subsequent control simulations, the operating interval for q c has been determined as
With regard to the purposes of a latter approximation of the steady-state characteristics, the values (9), and, to them corresponding temperatures are in Table 2 . 
Nonlinear Static Part of the Controller
The NSP derivation appears from a simulated or measured steady-state charasteristics. The coordinates on the graph axis are defined as
where
In term of the practice, it can be supposed that the measured data will be affected by measurement errors. The simulated steady-state characteristics that corresponds to reality is shown in Fig. 4 . Changing the axis, the inverse of this characteristic can be approximated by a function from the ring of polynomial, exponential, rational, eventually, by other type functions. Here, the second order exponential approximate function has been found in the form 
The inverse characteristic together with its approximation is in Fig. 5 . Now, a difference of the coolant flow rate ( ) ( ) c u t q t = Δ in the output of the NSP can be computed for each r out T as 0 ( 
Its plot is shown in Fig. 6 . 
CT and Delta External Linear Model
The nonlinear component (NC) of the closed-loop consisting of the NSP of the controller and the STHE nonlinear model is shown in Fig. 7 . The CT external linear model of this nonlinear component is chosen on the basis of step responses simulated around the above defined operating point.
Step responses are shown in Fig. 8 . Taking into account profiles of curves in Fig. 8 with zero derivatives in t = 0, the second order CT ELM has been chosen in the form of the second order linear differential equation 
t a y t a y t b u t
Establishing the δ-operator
where q is the forward shift operator and T 0 is the sampling period, the delta ELM corresponding to (17) takes the form
where t′ is the discrete time. When the sampling period is shortened, the delta operator approaches the derivative operator, and, the estimated parameters , a b ′ ′ reach the parameters a, b of the CT model.
Delta Model Parameter Estimation
Substituting 2 t k ′ = − , equation (19) can be rewriten to the form
Establishing the regression vector ( )
the vector of delta model parameters ( )
is recursively estimated by the least squares method with exponential and directional forgetting from the ARX model, e.g. (Bobál et al. 2005) .
Linear Dynamic Part of the Controller
In the control simulations, the 1DOF and 2DOF control system structures are considered. While the 1DOF structure includes only the feedback controller Q, a controller in the 2DOF structure consist of the feedback part Q and the feedforward part R as shown in Figs 
The controller transfer functions in both structures are considered as 
where n is a stable polynomial obtained by spectral factorization 
Evidently, the controller parameters can be adjusted by the selectable parameter α.
SIMULATION RESULTS
All control simulations were performed around the above defined operating point. For the start (adaptation phase 15 min), a P controller with experimentally tuned small gain was used in all simulations.
An effect of the parameter α on the controlled output and the control input responses in the 1DOF structure is presented in Figs. 11 modifications. Then, the nonlinear part of the closed-loop is approximated by a continuous time external linear model with parameters obtained via recursive parameter estimation of a corresponding delta model. The resulting linear part of the controller is considered for both 1DOF and 2DOF control system structures and derived using the polynomial approach.
The simulation results demonstrate improved usability of the 2DOF structure especially in terms of the control input characteristics.
